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The flux pinning mechanism of BaFe1.9Ni0.1As2 superconducting crystals have been investigated
systematically by magnetic measurements up to 13 T at various temperatures. The field dependence
of the critical current density, Jc, was analysed within the collective pinning model. A remarkably
good agreement between the experimental results and theoretical dl pinning curve is obtained,
which indicates that pinning in BaFe1.9Ni0.1As2 crystal originates from spatial variation of the
mean free path. Moreover, the normalized pinning force density, Fp, curves versus h¼B/Birr (Birr
is the irreversibility field) were scaled using the Dew-Hughes model. Analysis suggests that point
pinning alone cannot explain the observed field variation of Fp. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4813113]
Study of the vortex mechanisms in pnictides is crucial
for practical applications due to relatively high critical tem-
perature, Tc, high upper critical field,
1 Bc2, high Jc, very high
intrinsic pinning potential,2 and nearly isotropic supercon-
ductivity3,4 of these compounds. The 122 family, AFe2As2
has attracted great interest for the study of superconducting
properties due to their simple crystal structures and possibil-
ity of growing large single crystals.5,6
For some superconductors, the Jc obtained from magnetic
hysteresis loops (MHLs), increases with magnetic field after
the first peak of penetration field. This is the so-called second
magnetization peak (SMP) or fishtail effect. In conventional
low temperature superconductors, e.g., MgB2,
7 Nb3Sn,
8 etc.,
SMP corresponds to a hump feature in Jc(B) far below the Bc2
while peak effect (PE) is realized to happen near Bc2.
9 It is sug-
gested that the PE is associated with the rapid softening of the
flux line lattice.10 In high temperature superconductors, differ-
ent mechanisms including inhomogeneity of the sample,11
Dynamic effects,12 structural phase transition in the vortex lat-
tice,13 vortex order-disorder phase transition,14,15 and cross
over from elastic to plastic creep16 have been proposed to
explain the SMP. It is reported SMP occur in SmFeAsO0.9F0.1
(Ref. 17) as a result of weak and collective pinning of the sys-
tem. The SMP observed only for the samples near optimally
doping for NdFeAsO0.85,
18 Ba(Fe1-xCox)2As2 (Refs. 19–22)
and weak and collective pinning are concluded for most stud-
ies. The SMP has also been observed in optimally doped
Ba1xKxFe2As2.
19,23 However, it is worth to note that most
form of in-homogeneity like Tc variation, impurity phase, dop-
ing variation, etc., might prevent the occurrence of SMP.24 For
example, an under-doped Ba1xKxFe2As2 system does not
show the SMP. Also SMP has been reported for
Ba(Fe1xNix)2As2,
19,25 LiFeAs,26 FeTe1xSex (Ref. 27), and
PrFeAsO0.6F0.1.
28 The observed SMP for electron and hole
doped Ba-122 crystals for H//c19 was disappeared for H//ab,
indicating an anisotropic effect of flux pinning for these
compounds.19
There are two main pinning mechanisms in type II
superconductors: (I) dl pinning from spatial variation in the
charge carrier mean free path, l, and (II) dTc pinning due to
randomly distributed spatial variation in Tc. It has been
reported that strong pinning centres in PrFeAsO0.9 and
NdFeAsO0.9F0.1 arise from oxygen deficiency and dopant
atoms, which results in pinning by local variations in the
mean-free path.29 Strong intrinsic pinning due to structural
domains in the superconducting orthorhombic phase30 of
Ba(Fe1xCox)2As2 is also observed. Similar results were
found for BaFe1.8Co0.2As2, where the temperature and field
dependence of Jc were attributed to the inhomogeneous dis-
tribution of Co atoms.31 Furthermore, It has been suggested
that the very large Jc and fishtail effect at high temperature
below Tc in Ba0.6K0.4Fe2As2 had originated from the small-
size normal core pinning centres.23
In this work, we present a systematic study of the flux
pinning mechanism of BaFe1.9Ni0.1As2 crystals.
Single crystal of BaFe1.9Ni0.1As2 was prepared by a self-
flux method.32,33 For magnetic measurements, the as-grown
single crystal was cleaved and cut into a rectangular shape.
The present BaFe1.9Ni0.1As2 sample has dimensions of
1.56 2.82 0.06mm3. Magnetization loops were collected
in different magnetic fields with B//c and at temperatures
down to 3K using a superconducting quantum interference
device vibrating sample magnetometer (SQUID-VSM,
Quantum Design).
The inset of Fig. 1 shows the temperature dependence of
the magnetization measured after zero-field-cooling (ZFC) and
field-cooling (FC) of the BaFe1.9Ni0.1As2 crystal, with a field
of 200Oe for B//c. The Tc of 17.7K was determined from the
onset of the transition. The MHLs of the BaFe1.9Ni0.1As2 crys-
tal at 3K<T< 15K for B//c, are shown in the main panel of
Fig. 1. The almost perfect symmetry of the MHLs with respect
to the x-axis indicates that bulk pinning is dominant.25 The
minimum in the magnetization, which is located slightly above
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zero field in a given MHLs, characterizes the onset of SMP. At
this field, the applied magnetic field penetrates completely
into the bulk sample after ZFC.34 The SMP can be observed
at all temperatures below 15K, similar to the behaviour
of (Ba,K)Fe2As2 (Ref. 23) and BaFe1xCoxAs2 crystals.
31
Arrows indicate the onset ðBonsetSMP Þ and peak ðBpeakSMPÞ positions
of the SMP in Fig. 1 for T¼ 3K. In some of the conventional
superconductors, such as MgB2 (Ref. 7) and Nb3Sn,
8 the PE
occurs at a field close to the Bc2. It is believed that the PE is
associated with the metastability of an underlying first-order
vortex melting transition, where softening of the vortex due to
the thermal fluctuation leads to a better accommodation of the
pinning centres by the vortex lattice.8 This explanation of the
PE in Nb3Sn does not appear to be applicable to the PE
observed in cuprates and pnictides, in which PE occurs far
from the normal phase boundary. In the case of cuprates, it has
been suggested that a first-order disorder driven transition is
responsible for SMP.35 Salem-Sugui, Jr. et al.36 studied the
vortex dynamics of an over-doped BaFe1.82Ni0.18As2 crystal
by measuring flux creep over the SMP and suggested that the
SMP could not arise due to the softening in the vortex pinning
prior to melting nor from a change in the pinning regime
within a collective model. Also, their study of an optimally
doped BaFe1.9Ni0.1As2 crystal did not show any evidence of a
pinning crossover occurring near the SMP of the MHLs.25
Magnetic studies by Prozorov et al.21 and Shen et al.20 inter-
preted the SMP as signifying a crossover from elastic to plastic
vortex creep. The same result was obtained by Kopeliansky
et al., who suggested that the SMP is associated with a vortex
structural phase transition from a rhombic to a square lattice.22
The, Jc, values were extracted from the MHLs, using
Bean’s model,37 where Jc(B)¼ 20DM(B)/(l(1 l/3w)),
with l and w being the sample dimensions perpendicular to
the applied magnetic field, l < w, and DM is the width of the
hysteresis loops.
Figure 2 shows the field dependence of Jc at different
temperatures for B//c. The obtained value of Jc¼ 0.14
 106 A/cm2 at zero field and T¼ 10K is comparable with
the reported value of Jc¼ 0.23 106 for the optimally doped
sample.19 The inset of Figure 2 illustrates a normalized Jc
versus B plot at selected temperatures. The onset position,
BonsetSMP , and peak position, B
peak
SMP, of the SMP are marked for
T¼ 4K. The position of SMP shifts toward lower field with
increasing temperature, for example, BpeakSMP decreases con-
siderably from 6.8 T at 4 K to 0.7 T at 15K, but BonsetSMP drops
slowly from 1.7 T at 4 K to 0.2 T at 15K, respectively.
Similar behaviour was observed for REBa2Cu3O7d.
38 It is
likely that the SMP has the same mechanism in both
compounds.23
In Fig. 3, we present the vortex phase diagram of the
BaFe1.9Ni0.1As2 crystal. Three characteristic fields, Birr,
BpeakSMP; and B
onset
SMP , were determined from magnetic measure-
ments as shown by the solid symbols in Fig. 3. It is clear
that the Birr  T, BpeakSMP  T; and BonsetSMP  T are temperature
dependent. The large area between Birr  T and BpeakSMP  T
suggests that the vortex dissipation is through plastic motion
in this area, as proposed by Shen et al. for optimally Co
doped BaFe2As2.
20 The dashed lines represent the fitting
curves using B (T)¼A (1 T/Tc)n, with n being a fitting pa-
rameter. All the curves were well fitted using the expression
with n¼ 1.9 for BonsetSMP and n¼ 1.4 for BpeakSMP and Birr. These
values are similar to the values obtained for BaFe2xCoxAs2
crystal.20
In order to assess the nature of the pinning mechanisms
in more detail, it is useful to look at the variation of the
vortex pinning force, Fp¼B Jc, with the magnetic field.
In Fig. 4, we plot the normalized pinning force, Fnormp
¼Fp/Fmaxp , as a function of the reduced field, h ¼ B/Birr,.
FIG. 1. MHLs at various temperatures for B//c. Inset: Temperature depend-
ence of the magnetic susceptibility.
FIG. 2. Field dependence of Jc at different temperatures for B//c. Inset: Field
dependence of the normalized Jc at different temperatures for B//c.
FIG. 3. Vortex phase diagram of BaFe1.9Ni0.1As2 single crystal determined
from magnetic measurements for B//c. Inset: Temperature dependence of
Bc2 and Birr obtained from q–T curves for B//c.
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The Birr is estimated using the criterion of Jc< 100A/cm
2. It
should be noted the scaling of the normalized pinning force is
done based on the reduced field by Birr with h¼B/Birr instead
of Bc2 with h ¼ B/Bc2 due to the facts that the difference
between Bc2 and Birr is sizable, and is more significant at low
temperature regime in the case of pnictides, MgB2 and cup-
rates.7,29,32,38,39 The temperature dependence of Bc2 and Birr
obtained from q-T curves (see the inset in Fig. 3) clearly
reveal the Birr is far below the Bc2. Note that all the F
norm
p
curves for 9KT  14K collapse into one unified curve.
We fit these data using the Dew-Hughes formula, Fp / hp
(1 h)q,40 where p and q are two parameters whose values
depend on the origin of the pinning mechanism. The
Dew-Hughes fit is shown by the black dashed-dotted line in
Fig. 4 with p¼ 2.01 and q¼ 2.96. The value p/(p þ q) 0.4
matches well with the peak positions in the Fnormp versus
h plots. According to the Dew-Hughes model, in the case of
dl pinning for a system dominated just by point pinning,
p¼ 1 and q¼ 2, with Fnormp occurring at hmax¼ 0.33. Pinning
due to grain boundaries leads to hmax 0.2, while in a system
in which variation in the superconducting order parameter
controls the pinning mechanism, hmax 0.7.40,41 In the case
of dTc pinning, the maximum of Fp is expected to be located
at higher h values. For example, for point pinning, the maxi-
mum is expected at h¼ 0.67 with p¼ 2 and q¼ 1. For surface
pins, the maximum exists at h¼ 0.6, p¼ 1.5, and q¼ 1, and
for volume pins, h¼ 0.5 with p¼ 1 and q¼ 1. In our
case, hmax¼ 0.4, indicating that point pinning alone cannot
explain the pinning mechanism in the BaFe1.9Ni0.1As2
crystal. Similar analysis has been done for Ba0.68K0.32Fe2As2
(hmax¼ 0.43), BaFe1.85Co0.15As2 (hmax¼ 0.37), and BaFe1.91
Ni0.09As2 (hmax¼ 0.33) by Sun et al.19 They noticed that Bc2
and BpeakSMP decrease faster with decreasing temperature
for BaFe1.91Ni0.09As2 compared to Ba0.68K0.32Fe2As2 and
BaFe1.85Co0.15As2 crystals, which is related to the inhomoge-
neity in BaFe1.91Ni0.09As2. The fact that the strongest pinning
is in Ba0.68K0.32Fe2As2 among these three systems indicates
that inhomogeneous distribution of dopants or As deficiency
cannot play a crucial role in determining strong pinning in
pnictides. Yang et al. proposed that the obtained value of
hmax¼ 0.33 should be attributed to the small-size normal
cores, as in the case of arsenic deficiency in (Ba,K)Fe2As2
crystal.23 In the case of BaFe1.8Co0.2As2, a peak at
hmax 0.45 was suggested to be related to the inhomogene-
ous distribution of Co ions.31 In particular, the fact that, in
our case, the maximum in Fp occurs at h< 0.5 indicates that
the pinning centres in BaFe1.9Ni0.1As2 are of the dl type,
while for dTc pinning, it is expected that the maximum would
occur at h> 0.5.
With the aim of understanding more about the origins of
the pinning in BaFe1.9Ni0.1As2 crystal, the experimental results
were analysed using collective pinning theory. According to
the theoretical approach proposed by Griessen et al.,42
in the case of dl pinning, Jc(t)/Jc(0)/ (1 t2)5/2(1þ t2)1/2,
while for dTc pinning, Jc(t)/Jc(0) / (1 t2)7/6(1þ t2)5/6, where
t ¼ T/Tc. It should be noted that the flux pinning is two dimen-
sional in such thin film, as the correlation length along the flux
lines exceeds the film thickness.43 Figure 5 shows a compari-
son between the experimental Jc values and the theoretically
expected variation within the dl and dTc pinning mechanisms
at 0.05T (open circle) and 0T (the so called remanent state
shown by solid square). The Jc(t) values have been obtained
from the Jc (B) curves at several temperatures. A remarkably
good agreement between the experimental results and theoreti-
cal dl pinning curve is obtained. It is likely that pinning in
BaFe1.9Ni0.1As2 crystal originates from spatial variation of the
mean free path. Our observation of the dominant dl pinning is
in good agreement with the reported dl pinning mechanism for
KxFe2ySe2, FeSe0.5Te0.5 and FeTe0.7Se0.3 crystals at lowmag-
netic field.
In summary, we have observed the SMP effect in
BaFe1.9Ni0.1As2 crystal. The onset and peak positions of the
SMP move to lower magnetic field as the temperature is
raised. Analysis using the Dew-Hughes model suggests that
point pins alone cannot explain the observed field variation
of the pinning force density. The maximum in Fp at h < 0.5
indicates that the pinning centres in BaFe1.9Ni0.1As2 are of
the dl type, while for dTc pinning, it is expected that the max-
imum would occur at h > 0.5. In addition, a good agreement
between experimental and theoretical fitting using dl pinning
is obtained based on collective flux pinning model.
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FIG. 4. Normalized flux pinning force Fnormp ¼ Fp/Fmaxp as a function of
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FIG. 5. Temperature dependence of the normalized measured Jc at 0.05 T
(open circle) and 0T (solid square). Inset: Field dependence of Jc at T¼ 3K.
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